Introduction
The first transgenic plants were produced in 1983 by three different groups of scientists in the United States and Europe. The successful transfer of genes from other species into petunia and tobacco plants was a major technological achievement that led to important advances in our understanding of how plants grow and develop. This technology also led to the development of genetically modified (GM) agronomic crop plants that were planted by farmers for the first time in 1996. This technology has generated more controversy than any other advance in agriculture in the last twenty years. Further scientific advances made during the last two decades are being applied to plant breeding and crop agriculture. These include genome sequencing, the discovery of RNA interference, and revelations about the microbial communities that live on plants and in the soil. Surpassing all of these, however, are new gene editing technologies that have been developed in the last few years. These provide new approaches for genetic modification that have even more potential than transgenic methods to modify crop plants.
All of our cultivated plants have been genetically modified compared to their wild ancestors and so "GM" is an inaccurate term to describe transgenic plants. However, GM is generally understood by the public to refer to plants that have been modified by the addition of genes from non-traditional sources. Consequently, I will refer to plants that contain genes introduced or modified using these biotechnology methods as GM plants. Here I will discuss the impact of the GM traits that are widely used in corn, soybeans and cotton, the potential applications for gene editing, and the importance of these technologies in order to meet the future demand for food.
Development and introduction of GM crop varieties
The first step in developing a GM variety is to identify a gene that can alter a specific trait in the crop. The fundamental advantage that GM technology provides over other methods of crop improvement is that there is no restriction on the source of genes to alter the target trait. Conventional plant breeders are limited to germplasm that is sexually compatible with the crop. Biotechnology provides access to genes from any organism for crop improvement -a giant genetic buffet! Depending on the source of the gene, it may have to be modified in order to function properly in the host plant. There are a variety of methods available to transfer DNA into plant cells. Agrobacterium tumefaciens, a bacterium that naturally transfers DNA into plant cells in order to cause crown gall disease, is the method of choice because it tends to produce plants with simple DNA integration events. The first generation of GM corn and soybean varieties, however, were produced using particle bombardment with the gene gun. After characterization of many transgenic "events", plants with the transgene inserted at different chromosomal positions in the genome, the trait must be transferred into varieties with elite agronomic performance using conventional breeding methods. The final step before commercial release of a new GM variety is to obtain regulatory approval from federal agencies such as USDA, EPA and FDA. For a crop that will be exported, approval should also be obtained from the countries that will import this crop. A figure of $100 million is widely quoted as the cost of research and development for a new GM trait. Prado et al. (2014) provide a review of this process.
Herbicide tolerance and insect resistance are the two traits that have been most widely planted since 1996, both in the United States and in other countries that have approved GM crops. The genes for both of these traits were obtained from bacteria. The crops where these traits have been widely used include soybean, corn, cotton and canola. Glyphosate tolerant soybeans were adopted very rapidly, planted on more than 90% of the US soybean acreage within ten years of their introduction. Although GM traits in other crops were adopted more slowly, more than 80% of the corn and cotton planted in the US now contains at least one GM trait.
Impact of GM crops
A committee convened by the National Academy of Science recently completed an extensive review of GM crops. The report from this committee (National Academies 2016) provides a detailed and balanced review of the impact of GM crops.
Several factors contributed to the rapid adoption of Roundup Ready soybeans in the US. The higher price of GM soybean seed was offset by lower costs for weed control, simpler and more effective management of weeds, greater flexibility in timing of herbicide application, and compatibility with reduced tillage practices. The first Roundup Ready soybean varieties did not have any yield advantage over conventional varieties. One of the contentious issues surrounding the introduction of herbicide tolerant crops has been their impact on herbicide use. There has, of course, been a dramatic increase in the use of Roundup, accompanied by a decline in the use of other herbicides. The amount of herbicide applied per acre has not declined, in part because the application rate (pounds per acre) for Roundup is higher compared to many other herbicides. However, Roundup is widely regarded as having a better environmental safety profile compared to the herbicides it has displaced.
Widespread adoption of Roundup Ready crops resulted in over-reliance on glyphosate as the primary (and in some cases the only) herbicide used to manage weeds. This intense selection pressure has led to the emergence of several weed species with resistance to glyphosate. It is important to point out that herbicide resistant weeds predate the development of GM crops and have been a problem essentially since herbicides were first used. Unfortunately, Roundup Ready technology has been a victim of its own success. If more attention had been paid to basic principles of weed management, including rotation of herbicides with different modes of action, emergence of these problems could have been delayed, perhaps for decades.
Insect resistant crops have utilized Bt toxin proteins derived from Bacillus thuringiensis, a bacterium that has been used as an organic insecticide for decades. Bt toxins are not broad-spectrum insecticides but instead target specific groups of insects and they must be ingested by the insect in order to be effective. Cotton and corn are the major US crops that have been genetically modified by the addition of Bt toxin genes. Bt maize provides protection against insects such as the European corn borer and corn rootworm. In cotton, Bt toxins are used to control bollworms and budworms.
The introduction of Bt cotton has dramatically reduced the amount of insecticides used on this crop. This is not solely due to the use of Bt varieties; other changes in pest management have contributed to reduced use of insecticides on cotton. The Bt trait has also reduced the amount of insecticides used on corn. To slow down the development of resistance to Bt toxins in insects, most Bt crops now produce at least two different toxin proteins. Growers are also required to plant refuges of conventional varieties that do not express Bt toxins. Rare insects that develop resistance will likely mate with insects from the refuge and the progeny will still be susceptible to the Bt toxin as long as resistance in the insect is a recessive trait.
While GM crops have impacted crop production practices, they have also contributed to the restructuring and consolidation of the seed and agricultural chemical industries. Dr. Philip Howard at Michigan State University has documented how, over the last twenty years, small seed companies in the United States have been acquired by the large ag chemical companies that have developed transgenic traits (Howard 2015) . Control of intellectual property, the high costs for research and development of these traits and the established marketing channels provided by the smaller regional seed companies have been cited as important factors behind these changes. Consolidation continues with another round of mergers (Dow and DuPont, Monsanto and Bayer) and acquisitions (ChemChina and Syngenta) among the largest companies in the last year.
Gene editing technology
Gene transfer technology provides access to new sources of genetic variation for crop improvement. However, there are several types of genetic modification that cannot be produced using these methods including complete inactivation of specific genes, precise changes in target genes, and insertion of genes at specific locations in the genome. These modifications can all be produced by gene editing. There are several different gene editing techniques but they all use the same three-step process:
1. Identifying a specific target DNA sequence in the genome 2. Cutting both strands of the DNA at the target sequence 3. Changing the DNA at the target during the repair process These steps are analogous to the FIND/CUT/EDIT tools in a word processing program like Word. Zinc finger nucleases (ZFNs) and TALENs (transcription activator-like effector nucleases) use custom-designed proteins to find the target sequence in the genome. The nuclease part of the protein cuts the DNA backbone at that sequence and the DNA repair mechanism changes the DNA sequence of the gene. In spite of the technical challenges involved in designing these bespoke proteins, both methods have been used to alter specific genes in crop plants.
Development of the CRISPR/Cas9 system has simplified gene editing. In this two-component system Cas9 is the DNA-cutting nuclease and CRISPR (clustered regularly interspersed short palindromic repeat) refers to the component that guides the nuclease to its target. The nuclease uses a short "guide" RNA to find its target sequence in the genome and this RNA is much easier to design and produce compared to the ZFN and TALEN proteins.
The simplicity of the CRISPR/Cas9 system has made it the method of choice for gene editing across all organisms. CRISPR/Cas9 is to gene editing what the iPhone was to the smartphone. Prior to the iPhone, smartphones were available but were not very easy to use. The iPhone led to widespread adoption of these devices and the development of apps that made the phones more useful. CRISPR/Cas9 has had a similar transformative effect by making gene editing technology accessible and catalyzing development of new applications that use the DNA targeting system. As with the technology in smartphones there has also been a contentious legal battle over ownership of the intellectual property around CRISPR/Cas9 gene editing technology.
Applications of gene editing in crop plants
One of the first successful examples of gene editing in plants was achieved with ZFNs in maize where a gene involved in synthesis of phytate was inactivated and a herbicide tolerance trait added (Shukla et al. 2009 ). Here is a small selection of other traits that have been modified by gene editing techniques:
• Resistance of wheat to powdery mildew by inactivating genes that make plants susceptible to this pathogen (Wang et al. 2014) • Improved drought tolerance in maize by modifying plant responses to hormones under stress conditions (Shi et al. 2016) • Male sterility in maize (Svitashev et al. 2016) • Low-gluten wheat by inactivating genes that encode gliadins, the proteins that are responsible for some allergic reactions to wheat (Sanchez-Leon et al. 2017) • Seedless tomato fruit by silencing a gene involved in hormone signaling (Ueta et al. 2017) Most of these studies have been published within the last two years, evidence for the rapid emergence and adoption of this technology. Some of these trait modifications have also been produced by the same transgenic methods used in the first generation of GM plants. Gene editing, however, offers more options for the type of DNA changes that can be produced as well as greater precision. It is likely that gene editing will become an integral part of many plant breeding programs by providing simpler methods to introduce useful alleles from exotic germplasm into elite varieties (Scheben et al. 2017) .
CRISPR/Cas9 has also been used in animals. Hornless dairy cattle have been produced by introducing a specific allele using TALENs. Pigs have been modified to alter disease resistance and fat metabolism, important traits for animal health and meat quality. Pigs have long been considered as a potential source of organs to transplant into humans. However, the pig genome contains several copies of a virus that could be reactivated in humans. CRISPR/Cas9 has been used to inactivate these viruses so they cannot infect human recipients. Additional changes to protein glycosylation will be needed before these pigs could be used as organ donors. There is tremendous interest in the medical applications of gene editing and significant ethical concerns about how it may be used in human reproduction.
Why we need GM technology
The traits introduced in the first twenty years of GM technology, primarily herbicide tolerance and insect resistance, have been widely adopted by farmers in the United States and some other countries. Unfortunately, this technology has not been embraced by consumers and there are many reasons for this. These traits provide little or no tangible benefit for food consumers. Public opposition has dampened enthusiasm for and reduced investment in GM technology. One can argue that the controversy generated by GM technology among consumers has negated whatever benefits farmers may have enjoyed from these traits. That does not mean that we should abandon these technologies. We are still in the first phase of using gene transfer and gene editing techniques and we are just beginning to realize their potential. Recent research has demonstrated that fundamental processes critical to plant biology, including photosynthesis, plant architecture and disease resistance, can be modified with dramatic effects on plant growth and potentially on crop productivity.
If we are going to meet the demand for increased food production from a global population of 9 or 10 billion people in the coming decades we will need every available tool including these GM techniques. It is informative to look at the data for US corn yields over the last 150 years to understand and appreciate the impact of research and technology on crop productivity (Nielsen 2017) . There has been a steady increase in corn yield from 30 bushels per acre in 1935 to 175 bushels per acre in 2016, a remarkable feat. This has been achieved through improved genetics and production methods. Equally stunning are the data from 1865 to 1935 when corn yields were about 30 bushels per acre and did not change at all during that 70-year period. It was only after knowledge about plant genetics, nutrition and pathology were applied to variety development that corn yields started to increase. In order to avoid another era of stagnant yields, at a critical time for the planet, we simply have to use these new genetic technologies.
